Equine herpesvirus 1 (EHV-1) is a major cause of respiratory disease and abortion in horses and is associated with rarer conditions including a neurological syndrome. Restriction endonuclease analyses indicated the existence of two virus subtypes (Sabine et al., 1981 ; Studdert et al., 1981) , which supports the results of earlier studies on the serology and pathogenesis of different virus isolates. Cullinane et al. (1988) demonstrated that the two subtype genomes are collinear and have the same structure : a long unique sequence (U L ) linked to a short unique sequence (U S ) flanked by an inverted repeat (TR S \IR S ). Summation of the component sizes (109 kbp for U L , 13n4 kbp for U S and 10n8 kbp each for TR S and IR S ) yielded an estimate for the subtype 2 genome size of 144 kbp, which is somewhat smaller than that for subtype 1 (150 kbp ; Whalley et al., 1981) . Cullinane et al. (1988) also showed that restriction maps for subtype 2 differ from those for subtype 1. The data were thus sufficient to support classification of the two
Equine herpesvirus 1 (EHV-1) is a major cause of respiratory disease and abortion in horses and is associated with rarer conditions including a neurological syndrome. Restriction endonuclease analyses indicated the existence of two virus subtypes (Sabine et al., 1981 ; Studdert et al., 1981) , which supports the results of earlier studies on the serology and pathogenesis of different virus isolates. Cullinane et al. (1988) demonstrated that the two subtype genomes are collinear and have the same structure : a long unique sequence (U L ) linked to a short unique sequence (U S ) flanked by an inverted repeat (TR S \IR S ). Summation of the component sizes (109 kbp for U L , 13n4 kbp for U S and 10n8 kbp each for TR S and IR S ) yielded an estimate for the subtype 2 genome size of 144 kbp, which is somewhat smaller than that for subtype 1 (150 kbp ; Whalley et al., 1981) . Cullinane et al. (1988) also showed that restriction maps for subtype 2 differ from those for subtype 1. The data were thus sufficient to support classification of the two subtypes as separate members of the Alphaherpesvirinae, with subtype 1 identified as EHV-1 and subtype 2 as EHV-4. Accumulating sequence information has since confirmed the picture of two closely related but distinct viruses. EHV-1 and EHV-4 are now classified as members of the Varicellovirus genus of the Alphaherpesvirinae, which is typified by varicellazoster virus (VZV). They are more distantly related to the other genus of this subfamily, the Simplexvirus genus, which is typified by herpes simplex virus type 1 (HSV-1). It is accepted that both EHV-1 and EHV-4 cause respiratory disease, and that EHV-4 rarely causes abortion and is not associated with abortion storms or the neurological syndrome.
We previously reported the complete DNA sequence of EHV-1 strain Ab4p (Telford et al., 1992) . Here, we present a summary of the complete sequence of EHV-4, and compare the genetic contents of the two viruses with each other and with other members of the Alphaherpesvirinae.
EHV-4 strain NS80567 was isolated at the Irish Equine Centre via a nasopharyngeal swab from a yearling with upper respiratory tract infection. The virus was passaged three times, plaque purified three times and passaged five more times. Virus growth was carried out at all stages in equine embryonic lung cells. Virus obtained from infected cell media at the final passage was purified on Ficoll gradients and virion DNA was purified (Szila! gyi & Cunningham, 1991 ; Telford et al., 1992) . DNA was sonicated, end-repaired and cloned directly into bacteriophage M13mp19 ; the M13 clones were sequenced as described by Telford et al. (1992) using dideoxynucleotide chain termination technology. The data were derived from 4346 M13 clones and supplemented using 12 custom sequencing primers. One region (in gene 71) containing a reiterated sequence was not represented in these data and was analysed by subcloning a fragment from a cosmid derived from strain NS80567. Each nucleotide in the genome was determined an average of 5n06 times. The sequence was edited by reference to autoradiographs and analysed using programs from the Wisconsin Package Version 9.0, Genetics Computer Group (GCG), Madison, WI, USA. The genome termini were identified in the database as sets of sequences sharing a common end, as opposed to random locations for the other end of these sequences and for both ends of all other sequences. The completed sequence does not take into account the 0001-5322 # 1998 SGM BBJH E. A. R. Telford and others E. A. R. Telford and others possible presence of unpaired nucleotides at the genome termini. The EHV-4 sequence has been deposited with the EMBL Data Library under accession number AF030027. The following brief description deals only with certain aspects of the sequence. Detailed information may be obtained from the EMBL entry and a fuller discussion of specific points concerning BBJI EHV-1, many of which relate to EHV-4, is available in Telford et al. (1992) .
The genome contains 145 597 bp and the sizes of its components, in comparison with those of EHV-1, are : U L , 112 398 bp (112 871 bp in EHV-1) ; U S , 12 789 bp (11 861 bp in EHV-1) ; and TR S \IR S , 10 178 bp (12 714 bp in EHV-1). In addition, U L is flanked by a short inverted repeat of 27 bp (TR L \IR L ; 32 bp in EHV-1). The average GjC content is 50n5 % (56n7 % in EHV-1) and it is higher in TR S \IR S (62n5%) than in U L (48n7%) or U S (46n5 %). The 86 bp at the left terminus of the genome are present as an inverted repeat at nt 754-839 ; a similar feature is present in the EHV-1 genome. A total of 12 sets of tandem reiterations (four located as two copies in TR S \IR S ) are present in the genome in places that correspond to reiterations in the EHV-1 genome. Most reiterations are non-coding, but three are located in gene 24 and two in gene 71. In general, EHV-4 reiterations are dissimilar in sequence from their EHV-1 counterparts. Many are of variable length due to different copy numbers of reiterated elements, but it was not determined whether this is a feature of the EHV-4 genome or whether it occurred during M13 cloning. For each reiteration, the most frequently observed copy number was incorporated into the final sequence.
The gene arrangement in EHV-1 (Telford et al., 1992) was used as an aid in locating the EHV-4 genes illustrated in Fig. 1 . Other comparisons did not lead to the identification of additional conserved genes that had not been identified previously in EHV-1, even in the extensive non-coding regions at the left end of the genome and between genes 62 and 65. Thus, both genomes contain 77 different putative proteincoding open reading frames (ORFs) representing 76 genes, since two ORFs (44 and 47) are predicted to be expressed as a spliced mRNA. Three EHV-4 genes (64, 65 and 66) are present in two copies by virtue of their location in TR S \IR S , giving a total of 79 genes. The TR S -U S and IR S -U S boundaries are located differently in EHV-1 ; thus, four genes (64, 65, 66 and 67) are present in two copies in TR S \IR S , giving a total of 80 genes. The EHV-4 genome is slightly more compact than that of EHV-1, but the single largest part of the 4n6 kbp size difference is due to the different locations of the TR S -U S and IR S -U S boundaries.
Comparisons between the EHV-4 and EHV-1 sequences facilitated localization of putative polyadenylation signals, on the assumption that these are conserved in location ; details are available in the EMBL entry. Comparisons also prompted changes in the predicted initiation codons of a few EHV-1 genes from those listed by Telford et al. (1992) . The updated features of predicted EHV-1 and EHV-4 genes are listed in Table 1 . Every EHV-4 gene has a homologue in EHV-1, and most have counterparts in HSV-1 and VZV. The degree of amino acid sequence identity between EHV-1 and EHV-4 proteins ranges from 55 % (gene 76) to 96 % (gene 42). The corresponding range of DNA sequence conservation is 55-84 %. Amino acid sequence conservation is generally lower for proteins that are not conserved in both HSV-1 and VZV (encoded by genes 1, 2, 3, 15, 34, 59, 67, 68, 70, 71, 72 and 75) , although some proteins with counterparts in both these viruses are also poorly conserved (encoded by genes 48, 62, 63, 73 and 76) . The best conserved proteins have counterparts in all mammalian herpesviruses and include those involved in DNA replication and packaging and capsid structure, such as those encoded by genes 42, 43, 47\44 and 57.
Sequence data have been published previously for cloned fragments from several EHV-4 strains. Some differ from strain NS80567 in a way that is explicable by natural strain variation Nicolson et al., 1990 a, b ; Cullinane et al., 1993 ; Riggio & Onions, 1993 Purewal et al., 1994) . Deletions or insertions in others probably reflect sequencing errors or mutations arising during cloning, since they introduce frameshifts into protein-coding regions (Cullinane et al., 1988 ; Riggio et al., 1989 ; Whittaker et al., 1991) . One EMBL entry (EH4BG) contains two separately published sequences terminating in BamHI sites (Whittaker et al., 1991 ; Riggio & Onions, 1993 ) as a contiguous sequence, but omits an intervening BamHI fragment.
The greatest number of sequence differences evident from comparisons with previously published data concerns part of U S in EHV-4 strain 405\76 reported by Nagesha et al. (1993) . Most differences are in the 3h portion of gene 70 (encoding glycoprotein gG), a region of particular interest since the same group has shown that epitopes mapping near the C termini of EHV-1 and EHV-4 gG elicit strong type-specific antibody responses in the horse (Crabb et al., 1992 ; . Moreover, utilizing the sequence data of Nagesha et al. (1993) , showed that the predicted sequence of this region of EHV-4 gG is significantly different from the corresponding region in EHV-1. These observations have been used as the basis of a promising ELISA assay to distinguish EHV-4 from EHV-1 . In comparison with strain NS80567, however, the sequence of Nagesha et al. (1993) has 24 additional nucleotides scattered throughout the region encompassing type-specific epitopes, plus a single nucleotide deletion nearer the 3h end of the gene, together resulting in at least nine frameshifts. Fortunately, the updated amino acid sequence alignment in Fig. 2 shows that this portion of gG is indeed different in EHV-4 and EHV-1. Moreover, a recent re-evaluation of the strain 405\76 sequence has confirmed that it is identical to strain NS80567 in this region (C. A. Hartley, H. E. Drummer & M. J. Studdert, personal communication) .
Sequence comparisons between EHV-4 and EHV-1 also led to the identification of three errors in the EHV-1 sequence of Telford et al. (1992) , resulting in insertion of an additional nucleotide in gene 50 at 91 286 and substitution of single nucleotides in IR S at 120 727 and 120 759 (and copies in TR S at 142 431 and 142 399). We also register one unresolved difficulty concerning gene 75. In comparison with EHV-1, the ) near the C terminus of gG in EHV-1 (Telford et al., 1992) , two viruses closely related to EHV-1 [equine herpesvirus-8 (EHV-8), Ficorilli et al., 1995 ;  gazelle herpesvirus-1 (GHV-1), Fukushi et al., 1997] and EHV-4 strain NS80567. The consensus (con) line shows identical residues. The regions underlined by arrows indicate a partially reiterated sequence, a portion of which was recognized by .
5h and 3h ends of EHV-4 gene 75 appear to be out of frame owing to the absence of two nucleotides ; re-examination of the data for both genomes left no doubt about the sequences in these regions. One possible explanation, i.e. that the EHV-1 and EHV-4 gene 75 proteins initiate at ATG codons in different reading frames and are dissimilar at their N termini, has been assumed in Fig. 1 and Table 1 . It is also possible, however, that gene 75 may contain a natural frameshift mutation in strain NS80567 ; deletion of the EHV-1 gene is known to have no effect on virus growth in cell culture . Indeed, the presence of an additional dinucleotide in this region of EHV-4 strain 1946 places the 5h and 3h parts of gene 75 in the same reading frame, although the gene is frameshifted by a single nucleotide deletion at a point further downstream (Cullinane et al., 1988) . This frameshift may indicate an independent natural mutation in strain 1946 or may represent a sequence error. In summary, we consider that comparisons of the type described above have minimized the number of remaining errors in the EHV-4 and EHV-1 sequences and have improved interpretation of genetic content. The availability of accurate sequences for these two viruses is expected to aid our understanding of the ways in which they have arisen and the means by which they exert their pathogenic effects in the horse, and hence enhance the likelihood of effective intervention.
